Protein kinases as targets for cancer treatment
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In various types of malignancies, conventional forms of therapy (surgery, radiation and
chemotherapy) are often ineffective, as well as harmful. In the last few years, a
convergence of scientific advances has enabled the identification of molecular targets and
signaling pathways specific to cancer cells, resulting in therapies with enhanced selectivity
and efficacy and reduced toxicity. Compound validation here has relied on target
validation first, although some of the most successful drugs often have effects outside of
their postulated mechanism. Protein kinases represent such molecular targets; considerable
research effort has been devoted to the development of targeted drugs that inhibit the
action of pathogenic kinases, and clinical studies performed so far, have validated the
positive effects of kinase inhibitors for cancer treatment. In this review, the specificity,
mechanism of action and antitumor activity of several new small-molecule inhibitors of
tyrosine and serine/threonine kinases are discussed.

Cancer is a leading cause of death worldwide.
From a total of 58 million deaths in 2005, cancer
accounted for 7.6 million (or 13%) of all deaths.
Based on recent estimated rates, diagnosed can-
cer cases will reach roughly 17 million in 2020
and 27 million by 2050 [1]. Overall, it is esti-
mated that more than one in three people will
develop some form of cancer during their
life-time (38% of males and 35% of females).

Conventional management strategies in cancer
therapy have been relying on surgery, radiation,
hormones and chemotherapy. However, these
treatments often have a narrow therapeutic index
and occasionally the responses produced are only
palliative, as well as unpredictable. The introduc-
tion of the concept of individualized cancer ther-
apy, along with the development of drugs
targeting molecules that are selectively altered in
tumors, has provided hope for the development
of more effective treatment strategies.

Progress in understanding the molecular proc-
esses underlying the development and progression
of cancer has shown that protein and lipid kinases
are frequently altered in tumor cells, resulting in
the translation of constitutively activated proteins,
and are amenable to therapeutic targeting.

Currently, protein kinases represent as much
as 30% of all protein targets under investigation
by pharmaceutical companies. Drugs already in
clinical trials target all stages of signal transduc-
tion: from the receptor tyrosine kinases that ini-
tiate intracellular signaling through second-
messenger generators and kinases involved in
signaling cascades, to the kinases that regulate
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the cell cycle, which governs cellular fate [2-4.
Moreover, recent successful launches of drugs
with kinase inhibition as the mode of action
demonstrate the ability to deliver kinase inhibi-
tors as drugs with the appropriate selectivity,
potency and pharmacokinetic properties [5,6].

Based on the fundamental role of kinases in
cancer progression, drugs against kinases repre-
sent a new and promising approach to cancer
therapy, one that is already leading to beneficial
clinical effects.

Protein kinases & diseases

Phosphorylation is considered to be one of the
most common and reversible covalent post-
translational modifications (Edmond H Fischer
and Edwin G Krebs, Nobel Prize 1992) that may
alter the activity, life span or cellular location of
proteins (7.8]. Protein kinases can modulate key
regulatory proteins involved in different cellular
processes, including metabolism, transcription,
cell-cycle progression, cytoskeletal rearrangement
and cell movement, proliferation, apoptosis and
differentiation. Protein phosphorylation also
plays a critical role in intercellular communica-
tion during development, in physiological
responses, in homeostasis and in the functioning
of the nervous and immune systems [9]. It has
been shown that abnormal phosphorylation of
proteins can lead to the development of a number
of disorders and major diseases, such as rheuma-
toid arthritis, cardiovascular diseases, immunode-
ficiency, endocrine disorders, neurodegenerative
diseases and cancer [10].
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Approximately 50 of the 100 known genes
that have been directly linked to the induction of
cancer (i.e., oncogenes) encode protein kinases.
The remainder of the oncogenes specify proteins
that either activate kinases or are phosphorylated
by kinases. Therefore, it is not a surprise that
protein kinases and phosphatases are becoming
targets for drug development [11-13].

History of kinases as drug targets
Protein kinases represent the largest enzyme fam-
ily encoded by the human genome, with
518 members [9] grouped into 20 known fami-
lies on the basis of structural relatedness. All
kinases share a highly conserved catalytic domain
that spans 250-300 amino acids, but are notably
different in how their catalysis is regulated. The
ATP-binding pocket is between the two lobes of
the kinase fold. This site, together with less con-
served surrounding pockets, has been the focus
of inhibitor design that has exploited differences
in kinase structure and pliability in order to
achieve selectivity. It was initially believed that
protein kinases were not good drug targets
because of the sequence, structural and mecha-
nistic similarities shared by these enzymes, which
would prevent the development of highly
selective drugs with clinical potential.

The first example of compounds targeting
protein kinases is represented by the monoclonal
antibody trastuzumab (Herceptin®; F Hoffmann
La Roche Ltd, Basel, Switzerland), which inhib-
its the human epidermal growth factor receptor
2 (HER-2 or ErbB2). Overexpression of the
HER-2 protein correlates with poor breast can-
cer prognosis [14].

The first kinase inhibitor used in clinical trials
was tested against chronic myelogenous leuke-
mia (CML). The Novartis compound STI-571
(imatinib mesylate/Gleevec®) is a highly success-
ful cancer drug owing to its activity as an inhibi-
tor of the Abelson cytoplasmic tyrosine kinase
(Abl), which is constitutively active in most
patients with CML. Although it is an ATP-com-
petitive inhibitor, analysis of the 3D structure of
ABL in complex with Gleevec revealed that the
drug extends much further into the catalytic site
(15]. Interestingly, imatinib is also being used suc-
cesfully in gastrointestinal stromal tumors
(GIST), owing to its ability to inhibit the ¢-KIT
and PDGF-receptor tyrosine kinases [16,17).

Over the past 10 years there has been an
immense growth in the development of kinase
inhibitors for the treatment of cancer, chronic
metabolic  disorders,

inflammation, neuro-
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degenerative disease and other conditions. There
are now more than 60 kinase-targeted drugs in
clinical development, and many more in various
stages of preclinical development. Protein kinases
are rapidly becoming the major drug-discovery
targets of the twenty-first century, with an esti-
mated 30% of all efforts focusing on this class of
targets [5].

Drug-development strategies for

kinase inhibitors

Kinase inhibitors have been used as therapeutics
for cancers resulting from constitutive kinase
activation. In recent years, the main concept of
selecting lead compounds for drug development
has relied on target optimization.

The successful application of imatinib on
CML patients could be considered unique
among cancers, since this disease begins in a clin-
ical stage caused by a single molecular abnormal-
ity. However, imatinib was initially isolated
during screening for compounds that block
PDGEFR and was later found to also inhibit Abl
and Kit kinases [18,19], resulting in wider testing
in other types of cancer, including GIST and
chronic myelomonocytic leukemia (CMML).

In addition, profiling of other kinase inhibi-
tors, currently used as clinical drugs or still under
development, revealed a great variety regarding
their specificity for the ‘originally’ intended
targeted kinase [20].

As kinases mediate many of the signaling
pathways by which cancer cells promote their
own proliferation and survival, the design of
drugs targeting a unique kinase with precise spe-
cificity seems unfeasible. On the other hand, we
now know more about many different kinases
and their structural and functional similarities
and differences. Therefore, pharmaceutical com-
panies have currently focused on the develop-
ment of drugs with multiple effects in order to
overcome the fact that tumors have many, and
often overlapping, biological paths that they can
use to grow, resist death and spread. As more and
more compounds reach the clinical-development
stage, it is more essential to evaluate their toxi-
cology and side effects against a broad panel of
targets, instead of discarding them because of
promiscuity against more than one kinase.

The question that arises with the arrival of
multikinase inhibitors is whether it will be best
to use combinational therapies of multiple tar-
geted therapeutics or drugs such as these, with
multiple effects, in order to completely eradicate
a tumor and prevent resistance or relapse.
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Tyrosine kinases

Classification & regulation of TK activity
Tyrosine kinases (TKs) are a family of enzymes
that catalyze phosphorylation of selected Tyr res-
idues in target proteins using ATP. The human
genome contains approximately 90 TK and
43 TK-like genes. TK’s are divided into two
main classes: receptor protein TKs (PTKs) and
cellular, or nonreceptor PTKs. Of the 91 PTKs
identified thus far, 59 are receptor tyrosine
kinases and 32 are nonreceptor TKs.

Receptor TKs are transmembrane proteins
with a ligand-binding extracellular domain and a
catalytic intracellular kinase domain, whereas
nonreceptor TKs lack transmembrane domains
and are found in the cytosol, the nucleus and the
inner surface of the plasma membrane.

Activation of transmembrane PTKs is typi-
cally initiated by binding of a ligand (e.g., hor-
mone or growth factor) to a specific site within
the extracellular domain of the receptor. Upon
ligand binding, these receptors undergo dimeri-
zation, resulting in autophosphorylation of Tyr
residues within the cytoplasmic domain [21].
These phosphorylation events activate the
kinase, thereby increasing its intrinsic PTK activ-
ity and produce new binding sites for intra-
cellular adapter molecules that bring signal
transduction molecules into close proximity. The
nonreceptor TKs are maintained in an inactive
state by cellular inhibitor proteins and lipids and
through intramolecular autoinhibition [22.23].
They are activated by diverse intracellular signals
through dissociation of inhibitors, by recruit-
ment to transmembrane receptors and through
transphosphorylation by other kinases.

Strict regulation of TK activity controls the
most fundamental processes of cells, such as the
cell cycle, proliferation, differentiation, motilicy
and cell death or survival [24]. Unregulated acti-
vation of these enzymes can lead to various forms
of cancer, as well as benign proliferative condi-
tions. Indeed, more than 70% of the known
oncogenes and proto-oncogenes involved in

cancer code for PTKs.

Dysregulation of TKs in cancer

Since regulation of TKSs occurs at multiple levels,
it is not surprising that TKs are dysregulated in
cancer cells in several ways. One of the mecha-
nisms by which TK might acquire transforming
functions is mutation. Small deletions, point
mutations or even abnormal chromosomal trans-
locations can render TKs active in the absence of
a ligand, resulting in uncontrolled cell prolifera-
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tion [25]. A second mechanism of TK activation
results from the fusion of a receptor or a nonre-
ceptor TK with a partner protein, which leads to
constitutive oligomerization of the TK in the
absence of a ligand, thereby promoting auto-
phosphorylation and activation [26]. A third
method of TK dysregulation is via auto-
crine—paracrine stimulation. This activation
loop is stimulated when a receptor TK, its lig-
and, or both are overexpressed. Such cases have
been immanent in a variety of human cancers
(27). Finally, impaired tyrosine phosphatase activ-
ity or decreased expression of TK inhibitors can
also result in oncogenic activation of TKs [28].

TKs as targets in cancer therapy

Recently, TKs have emerged as clinically useful
drug-target molecules for treating certain types
of cancer (Table 1).

Monoclonal antibodies
Monoclonal antibodies provide a particularly
attractive way to target TKs on malignant cells
(29]. Antibodies can interrupt TK signaling
through neutralization of ligand, blockade of lig-
and binding, and receptor internalization. The
changes in antibody technology now allow us to
produce humanized, human chimeric or bispe-
cific antibody for targeted cancer therapy [30-311.
Trastuzumab (Herceptin®) has been shown to
increase response rates and improve survival
when added to chemotherapy for metastatic
HER-2-overexpressing breast cancer [32]. Cetuxi-
mab (Erbitux®) is a chimeric antibody against
EGFR, with activity in combination with chem-
otherapy in non-small-cell lung
(NSCLC), squamous-cell carcinoma of the head

and neck, and colorectal cancer [33].

cancer

Panitumumab is a monoclonal antibody that
binds to the EGFR and inhibits phosphorylation
and activation of EGFR-associated kinases. It is
manufactured by Amgen and was approved by
the US FDA on September 27, 2006. It is used
for the treatment of patients with metastatic
colorectal carcinoma [34,35].

However, limitations of monoclonal anti-
bodies are their size, which may limit tcumor pen-
etration, heterogeneous antigen expression, and
expression of tumor antigens in normal cells.

Inhibitors of angiogenesis

Another class of receptor TKs targeted in antican-
cer-drug development are those that promote ang-
iogenesis, particularly the VEGFR. The formation
of new blood vessels is a normal aspect of embry-
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Table 1. Tyrosine-kinase-targeting drugs.

Compound Kinase target(s)
Humanized monoclonal antibodies
Trastuzumab (Herceptin®  ERBB2

Cetuximab (Erbitux®) EGFR
Panitumumab EGFR
Bevacizumab (Avastin®) VEGFA

Tyrosine kinase inhibitors

Imatinib (Gleevec®) ABL1/2, PDGFRo/B, KIT

Gefitinib (Iressa®) EGFR

Erlotinib (Tarceva®) EGFR

Lapatinib (Tykerb®) EGFR, ERBB2

Dasatinib (Sprycel®) ABL1/2, PDGFRo/B, KIT,
Src family

Nilotibib (Tasigna®) ABL1/2, PDGFRo/B, KIT

Sunitinib (Sutent®)

CSF1R, FLT3
Semaxanib (SU5416) VEGFR2, KIT, EGFR
Vatalanib VEGFR

Masitinib mesylate KIT, PDGF, FGFR3

VEGFR1-3, KIT, PDGFRo/B, RET,

Cancer target(s)

ERBB2* breast cancer

Colorectal cancer, squamous cell
carcinoma of head/neck

Colorectal cancer
Colorectal cancer, NSCLC

CML, Ph+* B-ALL, CMML, CEL, GIST
NSCLC

NSCLC, pancreatic cancer

Breast cancer

CML

CML

Renal cell carcinoma, GIST

Colorectal and kidney cancer
Colorectal cancer

Pancreatic cancer, GIST and
dermato-fibro-sarcomas

ABT-869 VEGFR, PDGFR Breast cancer
Lestaurtinib (CEP-701) FLT3 AML
XL-647 EGFR, HER2, VEGFR2, EphB4 NSCLC

Sorafenib (Nexavar®)
RAF1, BRAF

VEGFR2, PDGFRB, KIT, FLT3,

Renal cell carcinoma, melanoma

AML: Acute myelogenous leukemia; B-ALL: B-cell acute lymphoblastic leukemia; CEL: Chroniceosinophilic leukemia;
CML: Chronic myeloid leukemia; CMML: Chronic myelomonocytic leukemia; CSF1R: Colony-stimulating factor 1
receptor; EGFR: EGF receptor; FLT3: FMS-related tyrosine kinase 3; GIST: Gastrointestinal stromal tumor;

NSCLC: Non-small-cell lung cancer; PDGFR: PDGF receptor; Ph*: Philadelphia chromosome positive;

VEGFR: VEGF receptor.

onic development, and a response to wounding.
Cancers also stimulate angiogenesis, apparently in
response to the high demand of rapidly multiply-
ing cancer cells for oxygen and nourishment,
which reach the cancer cells via the blood system.
Various angiogenesis inhibitors are currently
being evaluated in clinical trials. Agents that target
VEGEFR signaling include the VEGF-specific anti-
body bevacizumab, the small-molecule TK inhibi-
tor, such as SU5416 (semaxanib) and the
aminophtlalazine PTK787 (vatalanib). Some of
these agents have met with limited success in mon-
otherapy against solid tumors [36] and appear to be
more effective in combination with other agents.

Small-molecule inhibitors

The design of specific inhibitors of TKs is
important both for fundamental research and for
developing therapeutic strategies for the treat-
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ment of cancer. Two classes of PTK inhibitors
have been developed. One acts by binding to the
substrate-binding site of the enzyme (i.c., tyr-
phostins) and the other by binding to the
ATP-binding site.

The ATP-binding site, although evolutionary
conserved, can be selectively targeted by taking
advantage of the minor difference in the kinase
domain, which leads to changes in hydrogen
bonding and hydrophobic interactions, resulting
in differences of affinity (37). One drawback of
these inhibitors is that they exhibit greater cyto-
toxicity and can cause nonspecific inhibition of
serine/threonine kinases [38].

Clinical studies conducted over the past dec-
ade have established some of these TK inhibitors
as therapeutic drugs for certain cancer patients.
These include imatinib/Gleevec (directed against
BCR-ABL kinase), and erlotinib/Tarceva® and

future science sroup
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gefitinib/Iressa® (directed against EGFR). How-
ever, despite the early successes, the majority of
responding patients are developing resistance to
these drugs [39.40].

More precisely, secondary (acquired) resist-
ance to Gleevec develops more rapidly in
patients who exhibit a clinical response during
the acute phase of the disease. With Iressa and
Tarceva treatment, typical remissions in drug-
responsive NSCLC patients only last for 4-6
months, suggesting that secondary drug resist-
ance often develops rapidly in that setting [41,42).

Some of the most common mechanisms that
contribute to a resistance phenotype include:

e Structural alterations in the kinase domain,
which result in the inability of the inhibitor to
bind to and inhibit the catalytic activity of the
kinase [43,44];

¢ Activation by tumor cells of different kinase(s)
instead of the primary targeted one [45]

* Gene amplifications [46] that lead to higher
expression levels of targeted kinases, resulting
in the need for higher doses of the inhibitor in
order to be efficient.

In light of this new challenge, agents active
against new mutations that arise during therapy
with first-generation TK inhibitors are being
rapidly developed.

Tyrosine kinase inhibitors
Lapatinib/Tykerb®/ Tycerb® or lapatinib dito-
sylate is a new dual TK inhibitor developed by
GlaxoSmithKline as a treatment for solid tumors
such as breast and lung cancer. It is an orally
active small molecule that reversibly inhibits
ErbB1 and ErbB2 TKs by binding to the intrac-
ellular phosphorylation domain of the receptors
and preventing their autophospohorylation
upon ligand binding.

Lapatinib was approved by the FDA on
March 13, 2007 for use in patients with
advanced metastatic breast cancer, in combina-
tion with the chemotherapy drug capectab-
ine/Xeloda®, following data that has shown
activity in patients whose disease has progressed
after treatment with trastuzumab [47]. These and
other observations so far (48] provide a rationale
for further clinical trials of lapatinib, either as a
single agent or in combination with trastuzumab
in patients with HER-2-overexpressing breast
cancer or in patients that have acquired
resistance to trastuzumab.

Dasatinib (Sprycel®) is a new oral dual
BCR-ABL and Src family (SRC, LCK, YES and
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FYN), TK inhibitor developed by Bristol-Myers-
Squibb. It has been approved for use in patients
with CML and Philadelphia chromosome-positive
acute lymphoblastic leukemia (Ph* ALL) with
resistance or intolerance to prior therapy, including
imatinib. Thanks to its less stringent binding affin-
ity for the BCR-ABL kinase compared with imat-
inib/Gleevec [49], dasatinib has been shown to be
active in patients with imatinib-resistant CML [s0].

Nilotinib, also known as AMN107, is a high-
affinity aminopyrimidine-based ATP-competi-
tive inhibitor developed by Novartis Pharmaceu-
ticals that is currently under investigation as a
possible treatment for CML.

It has been shown that it is approximately
20-fold more potent than imatinib in the killing
of wild-type BCR-ABL-expressing cells [51-53].

Early-phase clinical trials showed that nilo-
tinib had activity in imatinib-resistant CML,
and, like dasatanib, it is now approved for the
treatment of resistant cases [54]. Mention both
nilotinib’s and dastanib’s nejm papers — ASK
AUTHOR CAN THIS BE DELETED.

Sunitinib malate (Sutent®) represents another
novel oral kinase inhibitor of fms-like TK3
(Fle3), Kit, VEGF and PDGEF receptors that
inhibits angiogenesis and cell proliferation.
Developed by Pfizer

sunitinib is currently in clinical trials for treat-

(previously  Sugen),

ment of a variety of malignancies, including
GIST and metastatic renal cell carcinoma (RCC;
kidney cancer). Evaluation of the antitumor
activity of continuous daily dosing of sunitinib
in patients with advanced RCC revealed tumor
shrinkage in more than 80% of patients [55],
while sunitinib treatment of patients who have
failed prior bevacizumab-based therapy demon-
strated a 56% of tumor shrinkage [56,57].

Masitinib mesylate (MM; AB1010) is a pro-
tein tyrosine kinase inhibitor which, i vitro, has
greater activity and selectivity than imatinib
mesylate (IM) against the wild-type c-Kit recep-
tor and the mutated form in the juxtamembrane
region (JM). MM also selectively inhibits the
PDGF and FGFR3 receptors, while it also
appears to be an inhibitor of cytochrome P450
(CYP)2C9, CYP2D6 and CYP3A4/5 in human
liver microsomes.

A Phase I clinical trial of AB1010 in patients
with advanced solid malignancies has shown an
acceptable safety and tolerability profile, whereas
one pathological partial response was observed in
a patient intolerant to IM [58].

This drug is currently being investigated in
several Phase II trials among a wide range of
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tumor types, including pancreatic cancer, GIST
and dermato-fibro-sarcomas. Preliminary results
of a multicenter Phase II trial have already shown
a high efficacy of MM in nonpretreated GIST
patients [59].

ABT-869 is a novel multitargeted receptor TK
inhibitor that has been shown to inhibit mem-
bers of the VEGF and PDGF receptor families.
In addition, it has less activity against unrelated
receptor TKs, soluble TKs and serine/threonine
kinases, and exhibits potent antiproliferative and
apoptotic effects on tumor cells dependent on
mutant, constitutively active, FLT3 and KIT
kinases. Preclinical studies performed so far sup-
port the use of ABT—869, alone or in combina-
tion with paclitaxel, in treating breast [0].
Moreover, recent studies revealed that ABT-869
has potent activity against acute myelogenous
leukemia (AML) cell lines [61], providing the
basis for the clinical development of ABT-869 in
the treatment of AML patients.

CEP-701 (lestaurtinib) represents an orally
bioavailable that
binds potently and specifically to FL'T3 kinase, a
member of the type III receptor TK family,
which includes c-Kit, PDGFR and M-CSF
receptors. CEP-701 inhibits autophosphoryla-
tion of FLT3, resulting in inhibition of FLT3
activity. This compound is currently in a Phase
2/3 clinical trial against AML [62,63].

XL647 is an orally bioavailable inhibitor of
EGFR, HER2, VEGFR2 and EphB4 receptor

indolocarbazole derivative

Table 2. Additional kinase-targeting drugs.

TKs (RTKs) that is developed by Exelixis.
XL647 demonstrates excellent activity in target-
specific cellular functional assays, and has shown
sustained inhibition of target RTKs in vivo fol-
lowing a single oral dose. XL647 has been well
tolerated in recent Phase I trial studies of patients
with advanced solid malignancies [64].

Sorafenib (Nexavar®), developed by Bayer, is a
drug recently approved for the treatment of
advanced RCC. It is a small, oral multikinase
inhibitor that targets Raf kinase and several
RTKs that induce cell proliferation and/or ang-
iogenesis.. In addition, Sorafenib can inhibit the
PDGF and VEGF receptor kinases [65]. In
Phase II/III trials sorafenib significantly pro-
longed progression-free survival of patients with
metastatic RCC [66,67].

Ser/Thr kinases targeting drugs
Ser—Thr kinases are involved in various signal
transduction pathways transmitting signals of
upstream PTKs and playing an essential role in
cell proliferation and apoptotic procedures.
Although TKs represent the main target for anti-
cancer therapy, a third of the kinase inhibitors
developed so far are targeted against Ser/Thr
kinases, supporting the idea of being prospective
candidates for cancer treatment (Table 2).
MK-0457 (VX-680) is a small-molecule
inhibitor of Aurora, FLI-3, JAK-2 and
BCR-ABL kinases developed by Merck & Co,

Inc., and Vertex Pharmaceuticals Inc.. Preclinical

Compound

Ser/Thr kinase inhibitors
MK-0457 (VX-680)
Affinitak™ (LY900003)
Seliciclib R-roscovitine

PKC-a

ARRY-142886 (AZD6244) MEK 1/2
Flavopiridol CDKs
PI3K/Akt pathway inhibitors
Wortmannin Akt
LY294002 Akt
Archexin (RX-0201) Akt
Everolimus (Rad001) mTOR
Temsirolimus (CCI-779) mTOR

Kinase target(s)

Aurora, FLT-3, JAK-2, BCR-ABL

CDK2, CDK7, CDK9

Cancer target(s)

AML, pancreatic and colon cancer
NSCLC
B-cell lymphomas, NSCLC

Melanoma, pancreatic, colon, lung
and breast cancers

Colorectal cancer, advanced
soft-tissue sarcoma

NSCLC
Ovarian carcinoma

Glioblastoma, RCC, ovarian, stomach
and pancreatic cancer

B-cell lymphomas, breast cancer, RCC
Breast cancer, RCC

AML: Acute myelogenous leukemia; mTOR: Mammalian target of rapamycin; NSCLC: Non-small-cell lung cancer;

PI3K: Phosphoinositide 3-kinase; RCC: Renal cell carcinoma.

Pharmacogenomics (2007) 8(8)
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results demonstrated that MK-0457 can induce
tumor regression in human models of solid
tumor cancers (AML, pancreatic and colon) [68].
Phase I clinical studies for MK-0457 have
already initiated in patients with CML [69] to
evaluate the safety of MK-0457, to determine
the maximum tolerated dose and dose-limiting
toxicities, and to assess pharmacokinetics and
pharmacodynamics.

LY900003 (Affinitak™), is a specific PKC-a
antisense inhibitor developed by Isis Pharmaceu-
ticals. Phase I/1I studies showed that Affinirak®
has promising survival rates and moderate activ-
ity in patients with advanced NSCLC when
administered with carboplatin and paclitaxel [70].

R-roscovitine (Seliciclib® or CYC202) is a
2,6,9-substituted purine analogue that inhibits
multiple cyclin-dependent kinases including
CDK2, CDK? and CDK9. Developed by Cycla-
cel, Seliciclib is currently a Phase II clinical trial
drug that is used in combination with gemcitab-
ine/cisplatin for the treatment of NSCLC (71, as
well as a single agent for B-cell lymphomas.

ARRY-142886 (AZD6244) is a novel, orally
available, selective, ATP-noncompetitive inhibi-
tor of MEK 1/2 kinases developed by Array
BioPharma Inc.. AZD6244 has shown tumor
suppressive activity in multiple preclinical mod-
els of human cancer, including melanoma, pan-
creatic, colon, lung and breast cancers [72.73].
Initiation of a Phase II study for ARRY-142886
for the treatment of stage III/IV malignant
melanoma and a variety of other solid tumors
has already been announced.

Flavopiridol, a cyclin-dependent kinase inhib-
itor, has been developed by Aventis Oncology in
collaboration with the NCI. Its use is presently
under investigation for a variety of solid tumors,
as well as hematological cancers. Although fla-
vopiridol has been reported to induce apoptosis
in a variety of tumor cells (74], Phase I and II clin-
ical results did not demonstrate flavopiridol to
have single-agent activity in patients with various
types of cancer [75.76]. However, ongoing studies
are examining flavopiridol in combination with
other cancer-therapy treatments.

Additional kinase-targeting drugs &

novel strategies
PI3K/Akt pathway inhibitors
Phosphoinositide ~ 3-kinases  (PI3Ks;  lipid

kinases) belong to an evolutionarily conserved
family of signal transducing enzymes. Activation
of PI3K’s by growth factors and regulators results
in the phosphorylation of phosphoinositides,
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leading to the transient accumulation of phos-
pholipids in cell membranes [77). These lipid
products serve as second messengers and/or sign-
aling molecules to control many cellular events,
such as mitogenic responses, cell differentiation
and survival [7879]. Since abnormalities in the
PI3K pathway are common in cancer and have a
role in neoplastic transformation (80}, it has
become an attractive target for the development
of novel anticancer agents (Table 2). Wortmannin
and LY294002 represent two PI3K inhibitors
with antitumor activity i vitro and in vive (81,82].
Preclinical studies of SF1126 (a broad-spectrum
PI3K inhibitor developed by Semafore) has dem-
onstrated good tolerability and promising anti-
cancer activity resulting in the recent initiation
of Phase I human clinical trials.

Archexin (RX-0201), is a first-in-class signal
inhibitor developed by Rexahn Pharmaceuticals
that directly blocks the production of Akt kinase,
thereby blocking the proliferation of tumor cells
and inducing cell death (apoptosis). In both pre-
clinical and Phase I clinical trials, Archexin has
demonstrated effectiveness at inhibiting the pro-
liferation of various cancer cells [83,84].

Rad001 (Everolimus®), an orally available
ester derivative of rapamycin developed by
Novartis Pharmaceuticals, is a novel downstream
multisignal inhibitor that specifically blocks the
mTOR protein, a downstream mediator of the
PI3K/Akt pathway. In preclinical studies,
Everolimus inhibited proliferation and growth of
a broad range of human tumor cell lines and
xenograft models [8586]. It is currently being
investigated in Phase I and II trials in multiple
tumor types and is being developed as an anti-
tumor agent alone [87-89] or in combination with
other drugs [90].

CCI-779 (Temsirolimus®; cell-cycle inhibitor-
779), another novel inhibitor of mTOR devel-
oped by Wyeth Pharmaceuticals, has showed
activity in Phase II clinical studies in patients
with RCC and glioblastoma and is being evalu-
ated in combination with letrozole in metastatic
breast cancer in a Phase I1I study (91-93).

Farnesylation inhibitors

Farnesylation represents a post-translational
modification of proteins that plays an important
role in the growth and differentiation of eukary-
otic cells. Farnesylation is catalyzed by protein
farnesyltransferase (FTase), an enzyme involved
in the post-translational modification and activa-
tion of Ras proteins. Recent development of far-
nesyltransferase inhibitors (FTIs) has led to
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further insight into the biological significance of
farnesylation in cancer cells [94].

Lonafarnib (SCH66336) is a tricyclic nonpep-
tidomimetic compound that binds to and inhib-
its FTase. It was developed as an anticancer agent
to antagonize oncogenic Ras. Both preclinical
and clinical studies have so far shown great anti-
tumor activity. Combinational therapy of lona-
farnib with the proteasome inhibitor bortezomib
induced synergistic tumor-cell death in multiple
myeloma cell lines and primary muldple mye-
loma plasma cells [95]. Phase I trial studies of
combined paclitaxel and lonafarnib treatment
demonstrated encouraging clinical activity in
solid tumors [9¢]. Currently, Phase II trials for the
therapy of stage III and IV NSCLC are continu-
ing in order to examine whether lonafarnib can
increase taxane sensitivity and overcome clinical
taxane resistance in solid tumors.

R115777, a new FTI, has demonstrated
reduced tumor growth in vivo and reduced cell
growth in vitro in human cancer cell lines, while
in human ductal carcinoma insitu (DCIS)
xenografts treatment with R115777 resulted in a
reduced cell turnover index (971. In addition, a
recent Phase I clinical trial of R115777 in com-
bination with gemcitabin and cisplatin in
patients with advanced solid tumors has showed
evidence of antitumor activity [98].

Heat-shock-protein inhibitors

Heat shock proteins (HSPs), a group of proteins
present in all cells, are induced when a cell under-
goes various types of environmental stresses.
However, they are also present in cells under per-
fectly normal conditions. HSPs are mainly
involved in the proper folding of other proteins
and, hence, are referred to as molecular chaperons
[99,100]. Most kinases require molecular chaperons
to maintain their activation-competent confor-
mation. HSPs
kinases [101]. Novel strategies are based on the
design of inhibitors against HSPs that prevent
them from maintaining the activation-competent

interact and stabilize various

conformation of the kinase, resulting in the
degradation of the misfolded proteins [102].

Outlook & conclusion

It has been proposed that future cancer-therapy
strategies must be based on the integration of
conventional therapies with novel inhibitors of
signals involved in cell proliferation and apopto-
sis. The new discoveries will help transform
oncology from its current state of empirically
based patient management to one in which treat-
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ment decisions are based on approaches that suc-
cessfully integrate molecular biology, pathology,
imaging and clinical medicine.

Since protein kinases, especially PTKs, play a
role in every aspect of cellular function, it is not
surprising that more and more of these signaling
molecules have become targets for anticancer-
drug development in recent years.

Preclinical and clinical data of the ‘first gener-
ation’ TK inhibitors showed remarkable and
promising results for the treatment of certain
types of cancer where conventional therapeutic
methods proved inadequate. The discovery of
imatinib/Gleevec against CML showed high
remission rates and minimal side effects in
almost all treated patients [103]. However, muta-
tion of a single amino acid can make a kinase
drug resistant, and mutations in ABL that make
it resistant to Gleevec are the cause of relapse in
patients who have the advanced stage of CML
(104]. Such resistances have presented new thera-
peutic challenges, leading to the rapid develop-
ment of the ‘second-generation’ compounds that
can form covalent, permanent bonds with their
target and, therefore, increase their effectiveness
(105-107). In addition, certain novel inhibitors
possess a multitargeting kinase affinity, allowing
them to block multiple signaling pathways with
either a combination of agents or a single multi-
targeted drug.

The future of protein kinase-targeted thera-
peutics in cancer is promising, despite the fact
that several protein-kinase inhibitors that have
entered human clinical trials are not very specific
and do not express the anticipated results. How-
ever, it should be mentioned that protein-kinase
inhibitors are important not just for the treat-
ment of disease, but also as reagents to help us
understand more about the physiological roles of
protein kinases. Many specific protein kinase
inhibitors that cannot be used as drugs for rea-
sons of toxicity [108,109], pharmacology or solubil-
ity could be extremely useful research reagents.

Although cancer is clearly a polygenic disease,
the effectiveness of certain kinase inhibitors
against hematologic and solid tumors reported
so far suggests that certain tumors are remarka-
bly dependent on activation of a single kinase.
Therefore, in the following years, research will
focus even more on the development of kinase
inhibitors and other ‘molecular-targeted’ thera-
pies as well as in combinational therapies, in
order to counteract the problem of resistance,
resulting in greater antitumor activity.
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However, in our approach for the develop-
ment of these drugs, we need to conscientiously
incorporate assays to assess the suitability of the
patient population, the target and the effects of
the target in order to improve the efficiency of
the evaluation of an agent and the probability of
success. In that way, in the coming future, such
inhibitors, covering most of the kinases involved

in the various cancers, will make a significant
difference in disease outcome.
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Executive summary

e Protein phosphorylation is a post-translational modification, regulated by kinases, that plays an essential role in the control and
regulation of fundamental cellular processes (i.e., the cell cycle, proliferation, and cell death or survival). It has been shown that
the abnormal phosphorylation of proteins can lead to the development of a number of disorders and major diseases,
including cancer.

¢ Development of drugs against protein kinases represents a novel and promising approach to cancer therapy. More precisely,
tyrosine kinases (TKs) have emerged as clinically useful drug-target molecules for treating certain types of cancer, since
unregulated activation of these enzymes can lead to various forms of cancer.

e So far, different approaches used to target kinases have resulted in the production of various compounds including: humanized
monoclonal antibodies, inhibitors of angiogenesis, small molecule inhibitors, farnesylation inhibitors and heat-shock-protein
inhibitors.

¢ |matinib mesylate (Gleevec®) represents the first highly successful TK inhibitor that was used as a cancer drug in patients with
chronic myelogenous leukemia. However, despite the early successes, the majority of responding patients have developed
secondary resistance to Gleevec.

e Kinases targeted by novel inhibitory molecules include EGF receptors, VEGF receptors, ABL1/2, PDGF receptors, KIT, Src family,
FLT3, RAF1, BRAF Aurora, JAK-2, MEK 2, CDKs, Akt and mTOR.

o As kinases can mediate many signaling pathways, the design of drugs targeting a unique kinase with precise specificity seems
unfeasible. Therefore, pharmaceutical companies are focusing on the development of drugs with multiple effects to overcome the
fact that tumors have many biological paths they can use to grow, resist death and spread.

¢ Integration of conventional therapies (surgery, radiation and chemotherapy) with novel kinase inhibitors and other ‘molecular
targeted’ therapies could prove to be a successful strategy for treating cancer in the future.
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